ABSTRACT: The complex inter-segmental forces that are developed across an extended knee by body weight and contraction of the quadriceps muscle group transmits an anteriorly directed force on the tibia that strain the anterior cruciate ligament (ACL). We hypothesized that a relationship exists between geometry of the knees extensor mechanism and the risk of sustaining a non-contact ACL injury. Geometry of the extensor mechanism was characterized using MRI scans of the knees of 88 subjects that suffered their first non-contact ACL injury and 88 matched control subjects with normal knees that were on the same team. The orientation of the patellar tendon axis was measured relative to the femoral flexion-extension axis to determine the extensor moment arm (EMA), and relative to tibial long axis to measure coronal patellar tendon angle (CPTA) and sagittal patellar tendon angle (SPTA). Associations between these parameters and ACL injury risk were tested with and without adjustment for flexion and internal rotation position of the tibia relative to the femur during MRI data acquisition. After adjustment for internal rotation position of the tibia relative to the femur there were no associations between EMA, CPTA, and SPTA and risk of suffering an ACL injury. However, increased internal rotation position of the tibia relative to the femur was significantly associated with increased risk of ACL injury in female athletes both in univariate analysis (Odds Ratio ¼ 1. Keywords: anterior cruciate ligament injury risk factor; femur; extensor moment arm; patellar tendon; morphometrics Anterior cruciate ligament (ACL) injuries occur frequently and often involve multiple structures about the knee, 1 which increases the risk of suffering early onset of post-traumatic osteoarthritis (PTOA) and creates a significant financial burden on the healthcare system.
Anterior cruciate ligament (ACL) injuries occur frequently and often involve multiple structures about the knee, 1 which increases the risk of suffering early onset of post-traumatic osteoarthritis (PTOA) and creates a significant financial burden on the healthcare system. 2 Although ACL injuries have a multifactorial etiology, several studies have highlighted various anatomic features of the knee that are associated with increased risk of injury to this important soft tissue restraint. These include a decreased ACL volume, decreased size of the femoral notch, 3, 4 decreased posterior horn wedge angle of lateral meniscus, 5 decreased medial tibial spine volume, 6 and an increase of the posterior-inferior directed slope of the subchondral bone and articular cartilage surface of the tibial plateau. 5, [7] [8] [9] [10] [11] The extension moment generated about the tibiofemoral joint is produced by contraction of the dominant quadriceps muscle group, with the patella acting as both a spacer and a lever. 12 When the knee is near extension (e.g., 0-30˚), the force developed in the patellar tendon has an anterior directed component that acts on the proximal aspect of the tibia and increases ACL strain values in individuals with normal knees [13] [14] [15] and produces abnormal anterior translation of tibia relative to the femur in those with ACL-deficient knees. 16 This has been hypothesized to be associated with an increased risk of sustaining an ACL injury. 17 For example, strong eccentric contraction of the quadriceps has been reported as a risk factor for ACL injury 18 and the interaction between the quadriceps and hamstrings contractions in "quadriceps-dominant" knees has also been related to an increased risk of ACL injury. 19 In contrast, recent reports have questioned the relationship between the force developed by contraction of the quadriceps and the ensuing strain in the ACL leading to injury. 20 Torque applied to the tibia that produces internal rotation (relative to the femur), has been shown to increase ACL strain values and the combination of valgus and internal torques applied to the tibia may contribute to greater ACL strain values than either torque applied in isolation. 21, 22 Furthermore, when the force generated by contraction of the quadriceps muscle group is combined with the force created by body weight and then transmitted across the articular surfaces of the tibiofemoral joint, the magnitude of the intersegmental compressive load required to cause ACL injury decreases significantly. 23 From this perspective, the relationship between knee biomechanics (geometry of the patellar tendon and extensor moment arm), translations and rotations of the tibia relative to the femur, ACL-strain biomechanics, and ultimately the risk of failure of this important stabilizing structure are important; however, these relationships are not well understood.
If the force developed by contraction of the quadriceps muscle group during high-risk activities such as landing from a jump or plant-and-pivot maneuvers contributes to the risk of suffering an ACL injury, then the extensor moment arm (EMA) of the knee and the orientation of the patellar tendon relative to the tibia may also be associated with injury. The EMA of the knee has been characterized as the perpendicular distance from the instantaneous center of rotation of the tibiofemoral joint to the line of action of the patellar tendon. 24 The EMA length and orientation changes as the knee is moved from an extended to a flexed position 25 because of the complex cam-shaped articular surfaces of the femur, the contours of the tibial articular surface, and the lever motion of the patella as it engages and glides through the femoral trochlea. To support the flexion moment created across the knee by body weight, the quadriceps muscle group must produce a greater magnitude of force in a knee with a small EMA in comparison to a knee with a larger EMA. When the knee is near extension, a common circumstance when landing from a jump or changing direction, an increase in the quadriceps force may create increased anterior translation of the tibia relative to the femur due to the anteriorly directed component of the force vector generated by the patellar tendon. 13, 16 If the quadriceps-generated force contributes to increasing the risk of suffering an ACL injury, we would expect ACL-injured subjects to have shorter EMAs compared to uninjured control subjects. Similarly, the orientation of the patellar tendon in both the frontal and sagittal planes may have an important influence on the magnitude and direction of forces transmitted to the tibia by the quadriceps that produce at-risk knee mechanics with the ACL resisting increased strain.
To investigate these anatomic features and their relation to non-contact ACL injury, the patellar tendon EMA, the sagittal patellar tendon angle (SPTA), the coronal patellar tendon angle (CPTA), and the internal rotational-position of the tibia relative to the femur were compared between ACL-injured subjects and matched control subjects. The primary aim of this study was to investigate how the EMA, SPTA, CTPA, and the rotational position of the tibia relative to the femur combine to influence the risk of suffering an ACL injury. This study tested the hypotheses that the risk of sustaining a non-contact ACL injury would be associated with: (i) shorter extensor moment arm; (ii) greater SPTA; and (iii) greater CPTA. The flexion and internal rotational orientation of the tibia relative to the femur at the time of MRI data acquisition were also determined and used as potential covariates for the patellar tendon action angles.
METHODS
This investigation involved analysis of data obtained from subjects that participated in a cohort study with a nested case-control analysis. The protocol was approved by our institutional review board, 26 and all participants provided written informed consent prior to participation. Data from ACL-injured and control subjects were obtained as part of a prognostic study that was designed to develop a comprehensive model that characterized the combination of risk factors, both intrinsic and extrinsic, that are associated with an ACL injury. High resolution MRI data were obtained on both limbs using a Phillips Acheiva 3.0T MRI system (Phillips Medical systems, Best, The Netherlands). The obtained 3-D, T1-weighted, sagittal, fast-field echo (FFE) scans (0.3 Â 0.3 Â 1.2 mm voxel size) were manually digitized using Osirix software (Pixmeo, version 3.6.1.) and a Cintiq 21UX digitizing tablet (Wacom, 2010) . These data were then analyzed using custom written Matlab code (MathWorks, Natick, MA) to obtain the EMA, CPTA, SPTA, and other metrics as described below.
MRI scans of 88 uninjured knees (27 male and 61 female, ages 13-23 years) in subjects who had sustained a first-time non-contact ACL injury were compared with 88 uninjured control subjects' knees (27 male and 61 female, ages 12-24) matched by age, sex, and exposure (participation on the same sports team). MRI data were obtained soon after injury (average 27 days) and prior to ACL reconstruction, and additional demographic information on the participants in this study has been presented. 7 Several regions of interest were digitized from the MRI scans (Supplemental Fig.) . First, outlines of the patellar tendon were manually segmented with the Cintiq digitizing tablet in the axial view of the MRI from the distal pole of the patella, to the level of its insertion on the tibial tuberosity. The centroid of each outline was determined, and a best-fit line was then fit to all of the centroids. This was used to represent the patellar tendon line of action. Second, the articular cartilage surfaces of the most spherical portion of the posterior aspects of the medial and lateral femoral condyles, (the central 1.5 cm of each), were segmented from the sagittal MRI slices (Fig. 1) . Least-squared spheres were then fit to the medial and lateral condyle data. A line between the centers of the medial and lateral femoral condyle spheres was established, and this was used as the flexion-extension axis of rotation of the tibiofemoral joint. [27] [28] [29] This line also served as the medial-lateral directed axis of the femoral coordinate system. The superior-inferior axis of the femur was defined by constructing a line from the centroid of an axial outline of the femoral shaft to a point located at the inferior end of Blumensaat's line at the center of the distal femur (Fig. 1) . Due to variable proportions of the distal femur captured in the MRI field of view, a standardized location for the femoral shaft outline was selected in an effort to locate the superior-inferior axis consistently across all subjects. The location of the femoral shaft outline was selected so that its anteriorposterior width equaled 0.65 of its superior-inferior height distance from the point of the inferior tip of Blumensaat's line. This aspect ratio was selected to consistently maximize the femoral length that could be seen on the MRI data and provide an accurate femoral axis.
The extensor moment arm (EMA) was then measured as the shortest distance between the flexion-extension axis of rotation of the tibiofemoral joint and the patellar tendon line of action ( Fig. 2A) . Measurements of the patellar tendon orientation relative to the proximal tibia were made with reference to a standardized, bony-fixed coordinate system that was located in the proximal aspect of the tibia. 8 The SPTA was defined as the acute angle between the long axis of the tibial shaft and the patellar tendon line of action projected in the sagittal plane. The CPTA was defined as the acute angle between the long axis of the diaphysis of the tibia and the patellar tendon line of action projected in the coronal plane (Fig. 2B ). Previous findings demonstrate that the EMA and the anterior-directed component of the patellar tendon force vector, both vary as functions of flexion-extension and internal-external rotational positions of the tibia relative to the femur. 25 The internal rotation orientation of the tibia relative to the femur was defined as the angle between the medial-lateral directed axis of the proximal tibial coordinate system and the medial-lateral directed axis of the distal femur (the axis of flexion/extension of the tibiofemoral joint) measured in the transverse axial plane of the proximal tibia coordinate system. Flexion orientation of the tibia relative to the femur was defined as the angle between the superiorinferior directed axis of the femoral and tibial coordinate systems measured in the sagittal plane of the tibial coordinate system (Fig. 1B) . Both flexion-extension and internalexternal rotation angles were calculated on ACL-injured subjects and matched control subjects in order to account for differences in the position of the tibia relative to the femur during MRI data acquisition as these positions had the potential to affect measurements of the extensor mechanism.
Statistical Methods
The reliability of the EMA, SPTA, and CPTA measurements were assessed using variance component analysis to estimate the variability between subjects, between investigators and within investigators. Two investigators made measurements on a random subset of twenty knees and one investigator repeated the measurements at a second time point. The magnitudes of variance were estimated and used to calculate Intraclass Correlation Coefficients (ICCs) for both inter-and intra-observer reliability.
Changes in the position and orientation of the tibia relative to the femur have been observed after an ACL injury. 16, 30 To determine whether changes in our outcomes may have been produced by the ACL injury, within-subject (e.g., injured side-to-uninjured side) comparisons were made Figure 1 . Articular cartilage surfaces of the most spherical portion of the posterior aspects of the medial and lateral femoral condyles (the central 1-1.5 cm of each), were segmented (black lines) from the sagittal MRI slices. Least-squared spheres were then fit to the medial and lateral condyle data, and a line between the centers of these spheres served as the medial-lateral directed axis of the femoral coordinate system. The superior-inferior axis of the femur was defined by constructing a line from the centroid of an axial outline of the femoral shaft (at a standardized location) to a point located at the inferior end of Blumensaat's line at the center of the distal femur. 
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and analyzed using paired t-tests. The EMA, SPTA, and CPTA were compared between the injured and contralateral uninjured legs of ACL-injured subjects. The same comparisons were made within control subjects to investigate if symmetry existed, with the injured and uninjured sides defined to correspond with the convention of their matched ACL-injured subjects.
The relationship between measurements of EMA, SPTA, and CPTA and the risk of sustaining an ACL injury was assessed using conditional logistic regression. Univariate conditional logistic regression was used to investigate individual associations and multivariate conditional logistic regression was used to investigate their combined effects (independent associations). Analyses were repeated with statistical adjustment for the flexion and the internal rotation position of the tibia relative to the femur during acquisition of the MRI, using positions as covariates. Associations between flexion and internal-rotation position of the tibia relative to the femur during MRI acquisition, and the risk of sustaining an ACL injury were also investigated to assess their role as confounding factors. Body weight and BMI were also considered as potential confounders but they had negligible effects on the odds ratios. Data from males and females were analyzed separately because of differences between the sexes in the measurements and their associations with ACL injury risk.
RESULTS
There was excellent measurement reliability as evaluated by the intra-class correlation coefficients (ICC). The intra-observer ICCs for the EMA, SPTA, and CPTA were 0.976, 0.963, and 0.951, respectively. Likewise, the inter-observer ICCs also showed good reliability for the three measurements with values of 0.937, 0.888, and 0.834, correspondingly.
Assessment of the Effect of ACL Injury on Extensor Mechanism Geometry (EMA, SPTA, and CPTA Measured Using MRI With the Knee in Extension): Within Subject Comparisons Within subject comparisons of ACL-injured subjects revealed that the injured leg displayed a significantly greater EMA among both males (58.2 mm vs. 55.3 mm, p < 0.001) and females (53.4 mm vs. 51.6 mm, p < 0.001) in comparison to the uninjured side. In males the injured leg also had a significantly smaller SPTA (26.6 vs. 28.1, p ¼ 0.03) compared with the contralateral healthy leg, while in females the injured leg had less flexion (À2.7˚vs. À3.3˚, p ¼0.04) than the uninjured leg ( Table 1 ). The only significant difference found within control subjects was among the males, where the leg corresponding to the match case's injured side had less internal rotation of the tibia relative to the femur in comparison to the contralateral side ( Table 1) .
Analyses of the Risk of ACL Injury Associated With
Extensor Mechanism Geometry (EMA, SPTA, and CPTA Measured Using MRI With the Knee in Extension): Case-
Control Comparisons
The finding of differences in extensor mechanism geometry between the injured and uninjured knees of the ACL injured subjects, combined with no side-toside differences in extensor mechanism geometry in the control subjects, suggests that the ACL injury may have produced changes in the injured knee. This led us to use the EMA, SPTA, and CPTA measurements obtained from the contralateral, uninjured limb of the ACL injured subjects (we considered these measures to be an accurate reflection of the injured knee prior to Comparisons made within ACL-injured subjects between ACL-injured knee and contralateral uninjured knee and within control subjects using the corresponding injured and uninjured legs of their matched ACL-injured subjects. Data were obtained from MRIbased measurements made while subjects were supine in the scanner with their knee in extension and are presented for males and females separately. Bold indicates statistical significance.
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injury) and the corresponding side of the control subjects to test the study hypothesis (Table 2) .
Univariate Analysis
Univariate analysis of data obtained from the female subjects revealed that the SPTA and CPTA were inversely associated with risk of ACL injury (OR ¼ 0.88 and 0.91 per degree increase in these angles, respectively) (Table 3A) . In contrast, the EMA was not associated with risk of suffering an ACL injury. The internal rotation position of the tibia relative to the femur was significantly related to risk of ACL injury risk (OR ¼ 1.16, p ¼ 0.002), indicating a 16% increase in risk with a 1˚increase in the internal rotation position of the tibia relative to the femur during MRI data acquisition. After statistical adjustment for the internal rotational position of the tibia relative to the femur at the time of data acquisition with the MRI scanner, the associations between SPTA and CPTA and risk of ACL injury were no longer statistically significant (Table 3B ). The internal rotational position of the tibia relative to the femur remained significantly associated with risk of suffering an ACL injury independent of EMA, SPTA, or CPTA (results not shown). Among males, EMA, SPTA, and CPTA were not related to the risk of sustaining an ACL injury in either univariate analyses or after statistical adjustment for internal rotation position of the tibia relative to the femur, which also was not associated with risk of injury in males. All analyses were repeated with statistical adjustment for the flexion angle of the tibia relative to the femur at the time of data acquisition with the MRI scanner, and the results were similar to those described above.
Multivariate Analysis
In multivariate analyses of the data obtained from the females to examine the combined effects of SPTA and CPTA, associations with ACL injury risk were similar to those from univariate analyses (OR ¼ 0.90 and 0.92 per degree increase, respectively) but these relationships were not as statistically significant (p ¼ 0.06 and 0.07, correspondingly) ( Table 4 ). When internal rotation position of the tibia relative to the femur during MRI data acquisition was included in the statistical model, the OR for of SPTA became greater than one but was not significant. In contrast, the association between CPTA and ACL injury risk was slightly strengthened after statistical adjustment for internal rotation position of the tibia relative to the femur at the time of data acquisition with the MRI scanner (OR ¼ 0.89 per degree increase, p ¼ 0.05). Additionally, the internal rotation position of the tibia relative to the femur was associated with the risk of suffering an ACL injury (OR ¼ 1.20 per degree increase of internal rotation of the tibia relative to the femur, p ¼ 0.008) ( Table 4 ). Multivariate analysis of the data obtained from the males found no significant associations for the combined effects of SPTA and CPTA on risk of ACL injury.
DISCUSSION
In this investigation, we were unable to support our hypothesis and establish a relationship between geometry of the extensor mechanism of the knee and risk of suffering an ACL injury; however, we found that an increase of the internal rotation position of the tibia relative to the femur with the knee in extension was associated with increased risk of ACL injury in females. Our approach was based on a prospective study with a nested, matched case-control analysis and this provided an ideal framework for investigating ACL injury risk factors because it included a large number of ACL injured subjects and matched control subjects with comparable exposure, thus avoiding the bias and confounding often associated with a retrospective approach. Matching cases to control subjects from the same team ensured that they were of the same sex, of similar age and had similar exposure to risk of injury in the same sport during the same playing conditions and level of play. The number of injured subjects in this study provided power to detect relative small differences in geometry of the extensor mechanism that may contribute significantly to ACL Mean and standard deviation (SD) data are presented for each outcome using the contralateral uninjured knee of ACL-injured subjects and corresponding limb of control subjects. Data are presented for males and females as separate groups.
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injury risk: There was 80% power to detect relative risks of 1.81 in females and 2.65 in males, per each standard deviation of increase or decrease in the variable being analyzed. Many different approaches have been used to quantify the EMA, including cadaveric studies, dynamic techniques, tendon excursion methods, and optimized computed algorithms of knee motion based on static imaging. 31 Studies that measure the EMA have used several different anatomic locations including the geometric center of the posterior femoral condyles (the approached used in the current investigation), the tibiofemoral contact point, the intersection of the ACL and PCL, the instantaneous center of rotation of the tibiofemoral joint, and the screw axis of the distal femur. 25, 31, 32 Using our MRI data, we developed a method of studying the EMA by measuring the shortest distance between the axis created by the geometric centers of the posterior femoral condyles, as determined by bestfit spheres to the profiles of subchondral bone, and the patellar tendon line of action. Our hypothesis proposed that the patellar tendon extensor moment arm would be shorter for the uninjured knees of ACL-injured subjects when compared to their matched controls. By acting through a shorter extensor moment arm, we reasoned that the quadriceps would generate a greater force in the extensor mechanism to support a given The results are from conditional logistic regression analysis of data using the uninjured knees of the ACL injured subjects and the corresponding side of the matched control subjects. Results for both unadjusted models and those adjusted for internal rotation position of the tibia relative to the femur (Rotation) are presented for females and males as separate groups. Bold indicates statistical significance.
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body weight, and when the knee is near-extension this would result in greater magnitudes of the anterior directed component of the force vector associated with the extensor mechanism that acts on the tibia, and in turn this would increase ACL strain values. In contrast, this study did not establish a statistically significant difference between the extensor moment arms of the ACL-injured subjects and their matched controls and consequently we have no evidence to support this mechanism. When considering the findings from the current investigation, it is important to highlight that we recently demonstrated that increased Body Mass Index, a variable that interacts with the extensor moment arm to influence the force developed by the extensor mechanism and the magnitude of ACL strain values, has a strong association with increased risk of suffering ACL injury in females. 33 This finding is important because the intersegmental moments and forces generated between the tibia and femur during conditions associated with noncontact ACL trauma, such as landing from a jump and plant-and-cut maneuvers associated with change in direction, are influenced by the interaction between BMI and the extensor moment arm of the knee. Therefore, from a biomechanical perspective, it may be that an increase of BMI explains the increased risk of suffering ACL injury in females and not geometry of the extensor mechanism of the knee. This is an important finding because BMI is easy to use as a screening tool to identify females that are at increased risk of suffering an ACL injury so an intervention can be targeted at them, and for certain individuals it may be possible to reduce BMI and thereby reduce the risk of non-contact ACL injury.
We had also hypothesized that the SPTA and CPTA would be larger in ACL injured subjects compared to subjects in the control group. Our results, though significant with the univariate analysis, tended toward the opposite finding: these angles tended to be smaller in the ACL injured subjects. We had proposed that an increased SPTA would cause increased anterior tibial translation with quadriceps contraction due to a larger component of the anterior directed force that is produced through the patellar tendon. Similarly, we reasoned that an increased CPTA would produce increased internal rotation of the tibia with quadriceps contraction due to a larger component of the patellar tendon force acting to produce internal torque about the long axis of the tibia relative to the femur. Instead, the ACL injured subjects had patellar tendons that were aligned more parallel with the long axis of the tibia in comparison to the control group.
In an attempt to explain our results, we considered the internal rotation position of the subjects' tibias relative to their femurs during acquisition of the MRI data as a covariate in the statistical analysis. This revealed a surprising result: In females the internal rotation position of the tibia relative to the femur itself was significantly different between uninjured knees of the ACL injured subjects and the corresponding side of the control subjects. Females with knees that were at increased risk for ACL rupture had significantly increased internal rotation of the tibia relative to the femur in both their injured and uninjured knees when their limb was in the MRI scanner (e.g., when the subjects were at rest with their muscles relaxed and their knees extended) in comparison to their uninjured counterparts. Patellar tendons that appeared more parallel to the long axis of the tibia in the ACL-injured subjects were actually internally rotated. This effectively "untwisted" the patellar tendon from its normal distal-lateral trajectory as it inserted on the tibial tubercle, and created an orientation of the tendon that was parallel with the long axis of the shaft of the tibia.
Additional analyses were conducted to compare the extensor mechanism geometry between the male and females control subject groups and this revealed a significant difference in EMA, even after controlling for BMI and subject weight. Male knees had an EMA that was nearly 5 mm longer than female knees (data not shown). To eliminate the chance that the male and female difference was simply due to the size of the subjects, the EMA was normalized by BMI, height, and weight. The difference in this normalized EMA ratio remained significant between males and females. This finding introduces the hypothesis that, although the EMA does not have the potential to identify males or females at increased risk of suffering an ACL injury, its smaller value may represent an inherent risk factor that predisposes all females to ACL injury.
The internal rotation position of the tibia relative to the femur with the knee in extension (e.g., during acquisition of the data with the MRI scanner) has not been reported as a risk factor for ACL injury in the English literature. This study showed a significant association between internal rotation position of the tibia relative to the femur and ACL injury risk in females, independent of the measures of geometry of the knee extensor mechanism. It remains unclear if this difference in orientation is created by ligamentous or capsular laxity about the knee, if it is produced by the inherent contour of the bony morphology of the knee that predisposes some athletes to increased risk of ACL injury, or some combination of both. Recent work by our group, and prior studies, have shown that increased generalized joint laxity and increased anterior-posterior knee laxity are risk factors for increased risk of suffering ACL injury. 33, 34 It may be that athletes with increased knee joint laxity have reduced functional soft tissue restraints at the time of injury, allowing for increased internal rotation of the knee, and increased strain on the ACL. This may essentially lower the threshold for ACL rupture. When these observations are considered with recent work that demonstrated a decrease in femoral notch width outlet has a strong association with an increase risk of ACL injury, an alternative explanation may be that increased internal rotation of the tibia relative to the RELATIONSHIP BETWEEN GEOMETRY OF THE KNEES EXTENSOR MECHANISM AND ACL INJURY femur moves the ACL into a position of increased contact against the femoral notch, thereby increasing the risk of injury by an impingement mechanism during cut and plant maneuvers that produce large magnitudes of internal torque about the tibia. This complex interaction may require studying the knee during dynamic loading conditions to gain new insight into injury mechanics.
Our study had a potential limitation in that the MRI scans were obtained with the subjects' knees in extension but without the substantial compressive load associated with weightbearing. This was done primarily to allow for consistent measurements between subjects. Most noncontact ACL injuries occur when the knee is near extension with flexion angles estimated to range between 9˚and 19˚for men and 15-27˚for women. 35 Therefore, a knee MRI obtained in full extension may offer a reliable approximation of these anatomic parameters and still be relevant to the geometry of the knee and position of the tibia relative to the femur at the time of ACL injury. The EMA changes as the knee is flexed and extended, and the patella is not tightly engaged in the trochlea with the knee in extension. Consequently, evaluating the unweighted knee has the potential to introduce the confounding influence of resting quadriceps muscle tone on patellar alignment and reorienting the patella from its normal position in the trochlear groove during weight-bearing activities; however, both cases and controls were imaged under the same conditions, and they were matched based on sex, age, and participation on the same sport team. Therefore, we expect that the effect of quadriceps muscle tone was the same for cases and controls. Optimally, future work would utilize a dynamic MRI technique to evaluate the EMA in vivo to provide a helical axis of rotation and possibly a more accurate measurement of the EMA. 36 These techniques, however, are unavailable at most institutions, are extremely expensive, and are challenging to interpret because the exact orientation of knee flexion at the time of ACL injury is unknown and probably very different between injured subjects.
We tested for an association between internal rotation of the tibia relative to the femur and risk of ACL injury, and found that the uninjured knee of the ACL subjects had, on average, 4˚more internal rotation compared to the corresponding knee of matched control subjects. Among the males, the same comparison produced a 1˚difference that was not statistically significant. We also made side-to-side comparisons of internal rotation within control subjects to assess the validity of using the uninjured knee as a surrogate for the injured knee in subjects with ACL injury and found a non-significant 0.3˚difference between knees for the female control subjects and a statistically significant 1d ifference between knees within male control subjects. The very small 0.3˚between-knee difference for female controls supports our interpretation that the 4˚differ-ence between ACL injured and control subjects is indicative of an association with ACL injury risk, rather than being due to between-knee variability. Although we also considered the between-knee difference of 1˚within the male control subjects to be small, with this variability the actual difference between male ACL injured subjects and control subjects could be somewhat larger or smaller than the non-significant 1d ifference we observed. However, it is unlikely that the difference is large enough for internal rotation to be a significant risk factor for ACL injury in males.
Although this study suggests that the female EMA is significantly shorter than the male EMA, it was not associated with an increased risk of injury in sex specific analysis. Moreover, SPTA and CPTA were not significantly related to injury after adjustment for greater internal-rotation position of the tibia relative to the femur; however, internal rotation of the tibia relative to the femur significantly increases ACL injury risk. Explanation of the meaning of these findings within the current paradigm for the mechanism of ACL injury is an area of future research.
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